IntroductIon
Although the arterial grafts have superior long-term patency rates, especially for left internal mammary artery to left anterior descending artery, [1] saphenous vein grafts continue to be the backbone of daily coronary revascularization practice. The sequential vein bypass grafting is a frequently used technique in coronary surgical revascularization whereby more than one distal anastomosis is constructed per segment of conduit used. The major advantages of sequential vein bypass grafting includes saving graft material, reduction of the number of proximal anastomoses and more importantly, higher graft flow [2] and thereby, increased graft patency rates. [3] [4] [5] Furthermore, by allowing anastomoses to smaller coronary arteries in patients with diffuse coronary disease, sequential vein bypass grafting is thought to achieve a more complete revascularization, which theoretically should translate into better clinical outcomes. [6] In the present era of coronary artery surgery, an increasing volume of patients with diffuse coronary disease and patients requiring re-do coronary artery bypass grafting (CABG) with limited available graft material are being referred to surgical revascularization since the number of patients who underwent CABG over the past four decades is relatively huge and patients with focal coronary artery lesions or even simple multi-vessel coronary diseases are being successfully treated with percutaneous coronary intervention (PCI). Under this situation, sequential vein bypass grafting is likely to increase. However, there are inconsistent and limited evidences with regard to clinical outcomes of sequential vein bypass grafting. [7] [8] [9] [10] [11] [12] [13] Moreover, most of those studies were conducted two decades ago in patients undergoing on-pump CABG [7] [8] [9] [11] [12] [13] and no longer reflect contemporary coronary surgical management. Less is known about the impact of sequential vein bypass grafting on clinical outcomes in off-pump CABG. So the objective of this study is to provide a present-day assessment of the effects of sequential vein bypass grafting on in-hospital and mid-term clinical outcomes following off-pump CABG.
Methods

Patient population
A cohort of 920 consecutive patients, who underwent isolated off-pump CABG from October 2009 to September 2013, operated by one surgical team at the Fuwai Hospital (Beijing, China), was obtained. Sequential venous graft was defined as a venous graft with the number of distal anastomoses exceeding the number of its proximal anastomoses. Of those 920 patients, there were 165 patients with at least one sequential venous graft (sequential venous grafts group) and the remainder with individual venous grafts only (individual venous grafts group). We propensity-matched 127 out of 165 patients receiving at least one sequential venous graft to 127 out of 755 patients with individual venous graft only. This study was approved by the Institutional Review Board of Fuwai Hospital with patient informed consent waived.
Surgical procedure
Because off-pump CABG is technically more demanding, and expertise in constructing a sequential anastomosis is perhaps among the major determinants of graft patency or clinical outcomes, the present study only includes patients operated by one surgical team to minimize the surgical variability. The heart was exposed through a median sternotomy in all the patients. An Octopus stabilizer (Medtronic, Minneapolis, MN), a humidified carbon dioxide blower (Medtronic DLP, Grand Rapids, MI) and intracoronary shunts (CardioThoracic System, Cupertino, CA, USA) were used routinely to facilitate the anastomoses distally or proximally. The number of distal anastomoses is generally two on one sequential venous graft in our current policy. The remaining anastomoses were made on another segment of graft. The distal anastomosis on a sequential graft was done in end-to-side fashion and middle ones were done in side-to-side fashion. Side-to-side anastomoses were performed in a crossing fashion and in a diamond-shape, and end-to-side ones were done parallel to the native coronary vessel axis. All distal anastomoses were done using double-armed 7-0 polypropylene sutures with a continuous suturing technique. Proximal anastomoses were stitched to the ascending aorta with continuous double armed 6-0 polypropylene sutures during partial-clamping of the aorta. When hemodynamics were stable after completion of all the anastomoses, the graft blood flow and pulsatility index were measured by flow meter to confirm patency of the grafts (Veri-Q, Medistim, Oslo, Norway). The proximal segment of the graft was chosen as the measuring site.
Clinical end points and definition
The in-hospital measurement of our study was composite outcome of in-hospital death, myocardial infarction (MI), stroke, the need for intra-aortic balloon pump (IABP) assistance and prolonged ventilation. Major adverse cardiac events (MACEs: death, MI or repeat revascularization) and angina recurrence during follow-up were considered as mid-term endpoints. In-hospital death was defined as death regardless of cause during hospitalization. Perioperative MI was documented by the following criteria: The creatine kinase MB must be ≥5 times the upper limit of normal or development of new Q waves in two or more contiguous electrocardiograph leads. [14] Stroke was defined as a central neurologic deficit persisting postoperatively for >72 hours. [15] We excluded confused states, transient events, and intellectual impairment to avoid any subjective bias. Postoperative IABP requirement is defined as low cardiac output state requiring newly IABP assistance. Prolonged ventilation was defined as duration of ventilation great than 24 hours. Death during follow-up was defined as all-cause mortality after patient's discharge. MI during follow-up was defined a new Q wave in two or more contiguous leads on electrocardiography, or significant increase of cardiac enzyme levels (great than the upper limit of the normal) combined with electrocardiographic or clinical or angiographic evidence of MI. Repeat revascularization was defined as PCI or CABG. Recurrence of angina was defined as occurrence of chest pain or distress due to myocardial ischemia after discharge.
Clinical follow-up
The postoperative results were assessed in all patients at discharge and during follow-up. Patients diagnosed with hyperlipemia resumed statins therapy postoperatively and during follow-up, and beta-blocker and aspirin were generally taken in all the patients except for few patients with respective contraindications. All patients had been followed up at least three months since discharge from hospital with the exception of patients who were lost to follow-up. Follow-up involved review of outpatient and (or) inpatient medical records and structured telephone interviews. The medical records in outpatient clinics of those who reported any adverse events after discharge were reviewed for further confirmation. When any major adverse event was reported by another hospital, patients were requested to mail a copy of all relevant medical information. Follow-up was 95.7% (243/254) complete with a mean follow-up of 22.5 months (with a median follow-up of 23.6 and 21.6 months for MACEs and angina recurrence respectively).
Statistical analysis
To minimize potential selection bias in the comparisons of outcomes between the two groups, a propensity score matching using multivariate logistic regression model was performed to match patients of sequential venous grafts with patients of individual venous grafts only in a 1-to-1 fashion. Variables selected for inclusion in the propensity score were core patients' characteristics, including age, sex, insulin-dependent diabetes, hypertension, body mass index, left ventricular ejection fraction, previous cardiac surgery, numbers of vessels grafted and extent of coronary disease as previously described. [16] Left ventricular end diastolic diameter was also included because of significant difference among the two groups before matching. The receiver operating characteristics curve was used to estimate the area under the curve of the model, predicting the probability of being included in any of the two groups. [17] The C statistic, which is equivalent to the receiver operating characteristic curve, for this model was 0.86. Using a greedy matching algorithm, [18] patients of sequential venous grafts were matched with patients of individual venous grafts only on an identical propensity score in a higher-digit priority order, namely a five-digit to a four-, three-, two-, or one-digit match. If more than one patient of individual venous grafts only were matched to patient of sequential venous grafts, patient with individual venous grafts only was selected randomly among those patients and eventually, 127 well-matched pairs of patients were obtained.
Continuous data are shown as mean ± standard deviation. The Student's t-test was used to measure the differences for variables with a normal distribution and equal variances. The Wilcoxon rank sum test was used for variables not normally distributed. Categorical data are displayed as frequencies and percentages and comparisons were made with Chi-square tests (Fisher exact tests if appropriate). P <0.05 was considered statistically significant. Kaplan-Meier product limit curves for event-free survival were constructed and compared with the log-rank test. The hazard ratio (HR) with 95% confidence interval (CI) was derived from the Cox proportional hazards model. All statistical analyses were performed using Statistical Analysis System (SAS) for Windows version 9.1 (SAS Institute, Cary, NC).
results
Baseline and procedural characteristics
The baseline characteristics of the propensity-matched patients with sequential or individual vein bypass grafting respectively are given in Table 1 . Both groups were well matched with the only significant difference being that patients receiving sequential grafts had lower rates of preoperative angina (P = 0.03). Detail of grafts and flow measurement are presented in Table 2 . No significant difference was observed between the two groups in distal anastomoses, graft pulsative index and blood flow per distal anastomoses. The mean number of sequential anastomoses was 2.0 ± 0.1 in sequential grafts group. Despite of fewer proximal anastomoses (P < 0.001), patients with sequential grafts had a higher blood flow per vein graft (P < 0.001), especially per sequential vein graft (P < 0.001).
In-hospital outcomes
Results of in-hospital outcomes are shown in Table 3 . No significant differences was present in in-hospital composite endpoints, with 14 (11.0%) total events in individual venous grafts group versus 18 (14.2%) in sequential venous grafts group (P = 0.45). Also, there were no significant differences between individual venous grafts and sequential venous grafts group with regard to the individual outcome of in-hospital mortality (0.8% vs. 0.0%, P = 1.00), MI (0.8% vs. 0.8%, P = 1.00), stroke (0.8% vs. 0.8%, P = 1.00), IABP assistance (0.0% vs. 0.8%, P = 1.00) and prolonged ventilations (10.2% vs. 13.4%, P = 0.44).
Mid-term outcomes
Major adverse cardiac events occurred in six (4.7%) patients (two deaths, two MIs and two PCIs) in individual venous grafts group and two (1.6%) patients (two MIs) in sequential venous grafts group. The Kaplan-Meier MACE-free survival estimates at about four years were 92.5% and 97.3% in the individual and sequential venous grafts group respectively (P = 0.36; Figure 1a ). The HR for sequential vein bypass grafting was estimated at 0.21 (95% CI, 0.03-1.85, P = 0.16). The survival rates free of angina recurrence at about 4 years was 80.9% in patients receiving individual venous grafts only versus 85.5% in patients receiving sequential venous grafts (P = 0.48; Figure 1b) , with HR for sequential vein bypass grafting at 0.70 (95% CI, 0.27-1.83, P = 0.47). Sequential grafting was introduced by Flemma et al. [19] in 1970s. A single vein used as sequential graft can revascularize whole heart as a snake graft. The sequential bypass grafting technique is a widely used surgical technique in myocardial revascularization. [10, 12, 20] The key concept of sequential grafts is decreased total resistance to graft flow by having more than one target per segment. Indeed, the resistance in a sequential circulation is decreased with two or more distal anastomoses because the size of vascular bed is increased so that flow increase. This notion was supported by our observation that blood flow in sequential vein graft was significantly increased compared with individual vein graft, which was in line with the results reported by Nordgaard et al. [2] Through this higher flow the main bypass trunk stays open and may assist in maintaining patency of side-to-side anastomoses to arteries with a poor runoff. [3] [4] [5] One recent meta-analysis [21] by Li et al., which included 12 studies and compared 6838 sequential grafts towards 3285 individual vein grafts, reported that the mid-term and long-term risk of occlusion in 
dIscussIon
This retrospective analysis of 127 propensity-matched pair of patients is performed in an attempt to assess the impact of sequential vein bypass grafting on both in-hospital and mid-term clinical outcomes in the setting that there was limited and inconsistent data concerning clinical outcomes of sequential vein bypass grafting and that published reports on this subject were conducted mostly in patients undergoing on-pump CABG and failed to exclude the impact of different level of surgical expertise with sequential grafting technique. The present study suggests that sequential vein bypass grafting technique was not independently associated with increased risk of composite or individual outcomes sequential grafts was lower than that in individual grafts (risk ratio 0.67, 95% CI 0.60-0.74, P < 0.0001).
Studies regarding the effect of sequential vein bypass grafting on clinical outcome in on-pump CABG had yielded inconsistence results. Early favorable results from the study by Bigelow et al. [7] involving 130 patients, revealed benefits of better survival with sequential vein bypass grafting, compared to multiple individual grafts. Garatti et al. [8] recently reported the results of an observational study to evaluate the effect of sequential vein bypass grafting on early and long-term clinical outcomes in 452 propensity matched patients. They observed that sequential vein bypass grafting group was even comparable to total arterial revascularization group in in-hospital mortality, long-term survival, repeat PCI, MI and even reappearance of angina during a mean follow-up of 14 ± 4 years.
Despite purported benefits, the use of sequential vein bypass grafting is variable among surgeons. Sequential grafting typically puts all the eggs in one basket. Concerns have centered on the dependence of multiple distal anastomoses on a common inflow with the possibility of catastrophic consequences in the event of a proximal occlusion, thus leading to the patient's life at stake. After having followed up 428 patients in 15 years following a coronary revascularization procedure, van Brussel et al. [9] found although more complete revascularization was obtained in patients with sequential vein grafts only, more events (death, MI and reintervention), especially MI, occurred in these patients than in patients with individual vein grafts only. Likewise, Mehta et al. [10] recently reported in a subanalysis of the PREVENT IV trial that patients with sequential vein bypass grafting were more likely to have grafts failure, a trend towards higher death, acute MI or repeated revascularization in the 5 years following surgery.
All those studies concerning the effect of sequential vein bypass grafting on clinical outcomes were done using patients who had on-pump CABG. Off-pump CABG is now gaining increasing recognition, especially in Asian countries, which account for at least 60% of all the CABG operations. [22] The safety and efficacy of this procedure have been well documented. [23] However, the impact of sequential vein bypass grafting is seldom investigated in off-pump CABG. Compared to on-pump CABG, sequential vein bypass grafting in off-pump CABG is technically more demanding due to its increased difficulty of conduit manipulation and complexity of certain distal anastomoses during beating heart surgery. Such feature of off-pump CABG may exert great impact on the quality of constructing the anastomoses and eventually on clinical outcomes.
The present study shows that compared to individual vein bypass grafting, sequential vein bypass grafting was not associated with an increase of either in-hospital or mid-term adverse events in patients undergoing off-pump CABG and additionally, the hazard of proximal occlusion of a sequential grafts, leading to severely adverse cardiac events, might be overestimated. Findings from Christenson et al. [11] also failed to detect significant survival benefits with sequential vein bypass grafting and suggested that a proximal occlusion of a sequential bypass resulted in renewed angina without infarction or sudden death in most instances. It is possible that a proximally occluded sequential vein graft will function as a large collateral vessel, provided that the terminal anastomosis is connected to a large coronary vessel with high blood flow. Similarly, our findings corresponded well to both studies described by Meeter et al. [12] and Ouzounian et al., [13] who demonstrated in their study that sequential grafting was not found to be an independent predictor of short-term and long-term adverse events after adjusting for baseline difference in patients receiving on-pump CABG. It might appear strange that although the mid-term survival rate free from MACEs and angina recurrence is higher in sequential venous grafts group in the present study, the purported benefits of sequential vein bypass grafting did not necessarily translate into statistically significant difference of those clinical outcomes. A reason, as we speculated, might be that the period of follow-up of the present study may be not long enough to detect any significant group difference of mid-term outcome. Furthermore, this finding could be explained in part by the fact that incomplete sequentialization of distal venous anastomosis (69%, 255 sequential venous anastomoses in 369 distal venous anastomoses) in sequential venous grafts group might have also diluted the beneficial effect of sequential vein bypass grafting.
The results of this study support the use of either grafting technique for venous conduits by surgeons at their discretion. Sequential grafting should be preferably considered in the following clinical scenarios: Patients with athero-aortic disease with the desire to limit manipulation of the proximal aorta; patients with limited length of graft material and small target vessels and patients with special requirement for reducing hypoperfusion time of certain organs during operation; younger patients with the need for total arterial grafting. However, further studies are needed to validate the safety of sequential grafting technique for total arterial revascularization.
There are limitations in the present study. One major limitation was that it was a retrospective study which possesses limitations due to the inherent biases that exist in nonrandomized, unblinded studies, thus limiting the generalizability of our conclusions. Although propensity matching method, which is by far the best method of comparison in observational settings, was used, the unknown variables that affect the outcomes of interest could not be fully eliminated. Moreover, the sample size in our study was relatively small because we only included patients operated by one surgical team to minimize the surgical technique and expertise viability which probably was among the major determinants of graft patency or clinical outcomes. Finally, direct assessment of graft patency by means of angiographic data or coronary computed tomography was lacking to verify whether the adverse cardiac events during follow-up were resulted from grafts failure. Therefore, a further study, especially randomized controlled trial, with increasing sample size and longer follow-up is needed to confirm our results, a large multi-center, randomized, controlled trial is needed to yield high-level evidence on this issue. However, there is, so far, no clinical trial available comparing the outcome between the sequential vein bypass grafting and individual vein bypass grafting.
Compared to individual vein bypass grafting, sequential vein bypass grafting was not associated with an increase of either in-hospital or mid-term adverse events in patients undergoing off-pump CABG. The results of this study support the use of either grafting technique. However, in view of widely reported benefit of higher patency rate associated with sequential vein bypass grafting, we recommended the use of sequential vein bypass grafting when feasible.
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